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Introduction
The histones are basic structural proteins of the nucleosomes and are essential for DNA packaging in eukaryotic organisms. This group is subdivided into five protein classes, termed H1, H2A, H2B, H3, and H4. The latter four are regarded as core histone genes and they constitute the octameric structure of the nucleosome. Concerning the DNA, a fragment of 146 bp is wrapped around the central protein moiety and the linker DNA connects neighboring nucleosomal cores. H1 histone is termed linker histone, since it interacts with the linker DNA at its entry-exit site at the nucleosomal core. H1 acts at both nucleosomal and supranucleosomal levels, since it also interacts with the wrapped DNA, thus resulting in higher order structures (Doenecke et al. 1997 ).
The core and linker histones have functional consequences, since trans-acting regulatory factors and the transcription machinery must gain access to their specific binding sites at the DNA level (Doenecke et al. 1997) . Thus, the histones play a critical role in the regulation of expression. Because H1 histone binds to scaffold-associated regions and participates in nucleosome positioning, the higher-order organization of chromatin by H1
is the mechanism by which H1 plays its regulatory role (Eirín-López et al. 2002) .
Moreover, H1 histone has also been proposed as an efficient protein for gene transfer (Wei et al. 2007 ).
The histone proteins are extremely well-conserved throughout evolution and, in mammals, each of the histone classes, except H4, is subdivided into several non-allelic variants, thus generating histone subtypes which vary structurally and are encoded by single copy genes (Doenecke et al. 1997) . Several histone genes possess two types named as canonical or replication dependent (RD) histones on one hand, and replacement or replication independent (RI) histones on the other hand. The former are highly expressed just before the S-phase and are then repressed on the completion of DNA replication, whereas the latter are expressed independently of the cellular cycle. The most divergent class of histones is the H1 protein family (Cole 1987 H1.4, and H1.5 (Eick et al. 1989; Albig et al. 1991 ). In addition, there are two subtypes: an H1º replacement and an H1t germ cell-specific subtype (Doenecke et al. 1997) . All five main H1 histones are expressed in dividing cells, while H1.3 and H1.5 are majority expressed in non-dividing cells (Ponte et al. 1998) . H1º
is expressed in several differentiated tissues, and H1t is restricted to mammalian testicular cells (Eirín-López et al. 2009 ). Several subtypes of the core histones H2A, H2B, and H3 have been described. The H2 histone includes the H2A subtypes H2A.1 and H2A.2, and the replacement subtypes H2A.X and H2A.Z; the H2B has subtypes H2B. et al. 1997) . The H4 histone is the only class in mammals which shows invariantly the same amino acid sequence. An interspecies comparison revealed only a few variations among the H4 sequences in species as distant from each other as human and sea urchin (Grunstein et al. 1976) .
Solea senegalensis (Kaup 1858), known as Senegalese sole, is a flatfish belonging to the Soleidae family. It is distributed along the north-western coast of Africa to the southwestern coast of the Iberian Peninsula, including the Mediterranean Sea (Díaz-Ferguson et al. 2007) . It is a species much appreciated for consumption that commands a high market price; this, in addition to its fast rate of growth in captivity, makes it an important species for aquaculture diversification (Padrós et al. 2011) . In addition, this species is closely related to other commercially important species such as common sole (Solea solea), tongue sole (Cynoglossus semilaevis), turbot (Scophthalmus maximus) and halibut (Hippoglossus hippoglossus). As a result of these characteristics many research studies have been undertaken, from a variety of perspectives, such as biology (Mai et al. 2009 ), reproduction (Oliveira et al. 2010; Viñas et al. 2013) , and aquaculture (Morais et al. 2014) , among others. In recent years, an increasing number of genetic-genomic studies of Senegalese sole has been published, particularly cytogenetics (Cross et al. 2006) , species identification (Manchado et al. 2006a ), gene expression (Guzmán et al. 2009; Manchado et al. 2009; Iziga et al. 2010; Ponce et al. 2011) and genomic approaches (García-Cegarra et al. 2013; Benzekri et al. 2014 ).
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The Pleuronectiformes order, in which all the flatfish species mentioned before are included, has been under discussion for many years in respect of its taxonomic status (Pardo et al. 2005; Betancur et al. 2013) . The histone genes have been used as markers for taxonomic differentiation (Armbruster et al. 2005; González-Romero et al. 2008; Oskars et al. 2015; Combosch and Giribet 2016) . In addition we recently reported the existence of a possible sex proto-chromosome in S. senegalensis, a finding that needs to be confirmed (Portela-Bens et al. 2016) . In this work, a complete analysis of the histone cluster has been carried out for several purposes. First, the analysis will contribute to knowledge of the evolutionary process undergone by the histone cluster in the species;
second, new clues about the origin of the larger metacentric chromosome pair have been investigated; and finally, a new marker has been obtained that could clarify the taxonomical status of the order in future studies.
Materials and Methods
Samples source
A BAC library of Senegalese sole was obtained, taking as starting material a pool of larvae before mouth opening (3 days after hatching 
BAC isolation and sequencing
After BAC library screening, positive BAC clones were isolated using two different kits, the first being the Large-Construct Kit (Qiagen, Netherlands), which was used to recover large DNA quantity. The second is the BACMAX TM DNA purification kit (Epicentre, USA), for Fluorescence in situ Hybridization (FISH). In both cases, the procedure was carried out following the manufacturer's recommendations.
The BAC DNA was quantified by spectrophotometry using a Nanodrop© (Thermo, USA). A yield of 5-12 µg was required for sequencing, which was done by Lifesequencing™ using a 454 technology (Roche, Switzerland) powered by the Genome Sequencing FLX System.
Sequence annotation
The functional and structural annotation of the BAC sequences was analyzed in a semiautomatic process. Protein and EST from S. senegalensis and other fish species, such as Danio rerio, were compared. The homologous sequences obtained were used to get the best predictions. To localize non-transcribed elements in the genome, RNA structure prediction tools were applied too. Finally, all available information was used to create D r a f t plausible models and, whenever possible, functional information was added. Using the genomic editor Apollo (Lewis et al. 2002) , Signal map software (Roche Applied Science, Switzerland) and Geneious basic 5.6.5 (Biomatters Ltd.), the results were individually tested and adjusted in the final edition process.
Molecular evolutionary analysis
The histone amino acid sequences were obtained from the annotated contigs using the Geneious 8.1.5 program (Biomatters Ltd.). The sequences were aligned in MAFFT (Katoh et al. 2002) using an iterative method. The nucleotide variability (π) within species and types of sequences were estimated in both coding and spacer sequences as the average number of nucleotide differences per site between two sequences, and was performed in the DnaSP v5 program (Librado and Rozas 2009) . In a similar way, nucleotide divergence between species (Dxy) was estimated as the average number of nucleotide substitutions per site between species. In both cases the Jukes and Cantor correction was used. The amino acid variability was estimated using the MEGA6
program (Tamura et al. 2013) following the Poisson's model.
A Maximum-Likelihood tree was inferred in the PhyML 3.0 program (Guindon et al. 2010) , using a Bio Neighbor-Joining (BioNJ) as starting tree. Previously, a statistical selection of best-fit models of protein evolution was performed using the ProtTest version 2.4 program (Abascal et al. 2005 ) with the corrected Akaike Information Criterion (AICc) used for model selection. The DCMut model (Kosiol and Goldman 2005) was chosen as the best using the PhyML 3.0 program (-lnL= -1.714.173.839, AICc= 3.474.391.314). The branch support of the ML tree was measured by applying the nonparametric version of the approximate likelihood ratio test (SH-aLRT) (Anisimova et al. 2011) , and the SPR option was also chosen for tree improvement. Finally, the tree edition was carried out in the MEGA6 program (Tamura et al. 2013 ).
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The analysis of synteny was carried out using the CIRCOS software (Krzywinski et al. 2009 ). The comparison was performed from the ENSEMBL database of the stickleback (Gasterosteus aculeatus), medaka (Oryzias latipes) and zebrafish (D. rerio).
FISH techniques
Chromosome preparations were made from S. senegalensis larvae aged from 1 to 3 days.
The specimens were pre-treated with 0.02% colchicine for 3 h, subjected to hypotonic shock and finally fixed in a freshly-made Carnoy solution (absolute ethanol-acetic acid (3:1)). Larvae were homogenized in Carnoy, and the preparations were dropped onto wet slides by splashing on a hot plate with damp paper.
The BAC-DNA was used as probe; the labeling was done with a first amplification by and/or Zeiss Axioplan using software of MetaSystems, Altlussheim, Germany).
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Results
Histone sequences and arrangement
During the analysis of the three BAC clones (BAC5K5, BAC12D22 and BAC3OJ4) with histone genes we found up to 28 histone genes distributed among four different contigs (Table 2 ). Assembled BAC contigs were deposited in the GenBank database ( (Fig. 1) . However, fixed differences were also found between histones from BAC5K5 and BAC12D22, at both nucleotide level and amino acid level (Table 3) . Although histone genes are characterized by not having intron sequences, we have found that the H3.3 histone of the BAC30J4 has two intron sequences of 89 bp and 83 bp respectively, and the H1.0 another two introns of 79 and 114 bp (data not shown). The most variable histone was H1, since three isoforms of RD variants were found (Fig. 1A) , whereas two isoforms of H2A and H2B
were found, each obtained from the two main histone-BAC clones (Fig. S1 ). The H3 RD variant obtained differs in one amino acid with respect to the H3.2 variant from other species (Fig. 1B) , but the position of this variation is different from the one that differentiates between H3.1 and H3.2 in other vertebrates (Fig. 1C) .
It was possible to determine two main histone cluster arrangements from contigs 634, 641
and 824. The contig 634 showed an arrangement lacking the H1 histone (Fig. 2A) ; contig 641 showed an arrangement with the H1 histone (Fig. 2B) ; and contig 824 showed a mixed arrangement with and without the H1 histone (Fig. 2C ). Moreover, we were able D r a f t to deduce an inversion event from contig 824. The arrangement lacking H1 is composed sequentially by H2B (direct), H2A (reverse), H3 (direct) and H4 (direct). In the other arrangement, H1 is situated between H2B and H2A in direct sense.
Phylogenetic analysis
The phylogenetic results showed that clades were formed by histone types rather than by species. One clade is characterized by the RI variants, and the second by the RD variants.
Each variant of histone H1 found in S. senegalensis robustly grouped in different clades with the rest of vertebrate species (Fig 3) . In both cases, S. senegalensis was clustered with the most modern fish species. Moreover, the H1 sequences of the two BAC clones with the RD variant grouped each separately. The invertebrate species were divided in two groups, one associated with the H1 RI variant and the other with the H1 RD variant.
The H3 phylogenetic tree also showed two main clades, each belonging to the two different H3 variants, i.e., H3 RD and H3.3 variants (Fig. 4) 
Analysis of synteny
Syntenic comparison showed that the genes of the three BAC clones were distributed in more than three chromosomes in the analyzed species (Fig. 5) . The 59 genes found among the three BAC clones (Table S1) were distributed in 5 chromosomes in stickleback (Gasterosteus aculeatus) (Fig. 5A ), in 6 chromosomes in medaka (Oryzias latipes) (Fig. 5B) , and in 8 chromosomes in zebrafish (Danio rerio) (Fig. 5C ). In the latter three cases the main histone cluster was found in one chromosome, but the other histone variants (H1.0 and H3.3) were found in chromosomes different from that of the D r a f t main cluster. These variants were found in the same chromosome in stickleback, but in zebrafish were in several different chromosomes, and in medaka the H3.3 variant did not show any hit when it was compared to the ENSEMBL database.
FISH analysis
The karyotype of Senegalese sole has been described in previous work; it comprises 21 chromosomes pairs, distributed in 3 metacentric pairs, 2 submetacentric pairs, 4 subtelocentric pairs and 12 acrocentric pairs (Vega et al. 2002) . The three BAC probes gave four signals distributed among three chromosome pairs ( Results confirmed the co-localization of BAC5K5, BAC12D22 and BAC11O20
harboring the dmrt1 gene (Portela-Bens et al. 2016) on the same chromosome (Fig. 6C) .
Discussion
In the present work, the main histone cluster was found in two BAC clones (BAC5K5 (Shen et al. 1995; Sirotkin et al. 1995; Yu and Gorovsky 1997) .
The different localization for the H1 RD and H1 RI has already been observed in human and mouse (Wang et al. 1997) . Some authors have interpreted this separation as a way to escape from the homogenizing factors acting over the family members, and the separated histones then become "orphan" genes (Eirín-López et al. 2002) . This separation could facilitate control of the differential expression between RD and RI H1 histone genes (Albig et al. 1993 histone has been demonstrated to have a high expression in mouse pro-spermatogonial cells and it has been associated with the genome-wide epigenetic reformatting that those cells suffer (Tang et al. 2014 ). The main signal observed for the H3.3 histone gene is in the same chromosome pair as that of the vasa gene (Fig. S2 ). This last gene is also overexpressed in primordial germ cells (PGC) and spermatogonias, thus being associated with the development of the germinal line in several species, including S. senegalensis (Pacchiarini et al. 2013) . The co-localization of vasa and H3.3 genes could represent an improvement by synchronizing the expression of the two genes.
The canonical histones have shown some differences in S. senegalensis, and these differences have been detected between the histones present within the two BACs localized in the same chromosome pair. conservative (alanine-to-serine substitution), so it is probable that the functionality has not been lost.
Attending to the chromosomal localization, the two BACs are in the same chromosome pair, but in different localizations, so the two loci should be genetically isolated. The most conservative situation in fish species is for one signal to be localized on the analyzed with the histone clusters showed a centromeric localization on acrocentric pairs or a terminal position on subtelocentric pairs (Hashimoto et al. 2011 (Hashimoto et al. , 2013 Lima-Filho et al. 2012; Costa et al. 2014 Costa et al. , 2016 Silva et al. 2014; Daniel et al. 2016 ).
When the nucleotide or amino acid sequences are compared to those from other fish species, it can be seen that the histones of BAC5K5 present more divergence than those of BAC12D22. However, the differences can be detected at both nucleotide and amino acid levels in histones H1, H2A and H2B, but only at nucleotide level in histones H3 and H4. Of all the histones, H1 is the one that evolves fastest (Eirín-López et al. 2002) and, in vertebrates, it has been estimated that the most conserved H1 subtype (H1e) evolves twice as fast as the subtypes of H2A and H2B (Ponte et al. 1998 ) and these two evolve up D r a f t to 10 times faster than those of H3 and H4 (Thatcher and Gorovsky 1994) . The variability data obtained in S. senegalensis confirms these wide differences in the rate of evolution.
The cluster organization of the canonical histones has been extensively discussed for many organisms (Hentschel and Birnstiel 1981; Eirín-López et al. 2009 ). An inversion event was observed in one of the contigs examined, and it has been reported that inversions occur within histone clusters caused by the recombination of two duplexes oriented in opposite directions (Vitelli and Weinberg 1983; D'Andrea et al. 1985) . These inversion events could have caused the non-conservative ordering of the histone gene clusters and the occurrence of two histone clusters. As a conclusion, it could be said that there is no consensus with respect to the histone cluster arrangement, so the expression of the histones is positioning-independent (D' Andrea et al. 1985) . However, a general rule could be deduced, since H3 and H4 gene histones are normally found in neighboring position and in the same direction, whereas H2A and H2B are normally found joined, but in opposing orientation (D'Andrea et al. 1985) . Both rules are present in the histone organization of S. senegalensis.
The evolutionary model that drives the histone multigene family has also been debated at length (reviewed by Nei and Rooney (2005) ). Currently, the accepted model for the histone family is the birth-and-death model with strong purifying selection. Under this model of evolution, duplication events generate new genes, which may be maintained by selection or may degenerate into pseudogenes (Eirín-López et al. 2004 , 2012 . Moreover, in S. senegalensis, while variability was observed at nucleotide level, scant or no variability was detected at amino acid level, thus indicating that the type of nucleotide variation is mainly synonymous. A higher level of synonymous rather than nonsynonymous variations is indicative of a birth-and-death model with strong purifying selection (Nei and Rooney 2005) .
As can be deduced from phylogenetic results, a birth-and-death evolution is the most probable model for the histones of Senegalese sole, since the different histone genes are D r a f t grouped by types rather than by species. Peretti and Khochbin (1997) suggested that the RD H1 of vertebrate species appeared after invertebrate-vertebrate separation, based on the sequence analyses of the promoter regions, which supports the closer relationship of the RI H1 of vertebrates with the H1 of invertebrates than with the RD H1 of vertebrates.
Notwithstanding, in our phylogenetic results, the H1 histone of invertebrate species is grouped either with the RD or the RI H1 of vertebrate species, so the divergence between RD and RI H1 histones might have occurred before the separation of vertebrates and invertebrates 815 MYA (Feng et al. 1997 ). An ancestor of all H1 subtypes might have undergone evolutionary changes which have led to the current RD subtypes on one hand and the RI subtypes on the other hand (Eirín-López et al. 2002) . This argument can also be extended to H3 variants, but the separation between vertebrates and invertebrates in the two variants is not so clear as with those of H1, possibly because the H3 histone has a slower rate of variation than H1, as discussed before. Table S1 . Genes found in the BACs under study. 
BAC Name
